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I.. INTRODUCTION 
1.. Introductory statement 
Most of the investigations of inelastically deformed struc-
tures have been concerned with static tests with very little attention 
being given to the dynamic inelastic behavioro Structures under slowly 
applied loads behave quite differently from the same structures under 
dynamic loads, 'although a common procedure is to treat a dynamic load 
in terms of an equivalent static load. This procedure becomes very 
complicated for rapidly applied loads such as those caused 'by"" wind gusts, 
impact or earthquakes, and is practically impossible to use in the ine-
lastic range .. 
In order to study the inelastic response of a structure to 
dynamic loads, the dynamic resistance of the structure must be evaluated. 
Before the dynamic resistance can be predicted, investigations are 
necessary to define the parameters which affect this resistance .. 
The principal objective of this investigation was to determine 
the inelastic resistance of model frames subjected to dynamic lateral 
loads 0 In this study, the observed dynamic resistance of the model 
frames is compared to the theoretical and observed static resistance .. 
This comparison ofCthe dynamic resistance to the static resistance helps 
in the evaluation of the parameters which determine the static and the 
dynamic resistance 0 A study was made of assumed forms of the dynamic 
resistance of the frames on the basis of the relationship between the 
energy inputs and the maxi mllm deflections.. This was a simple and 
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convenient procedure from which many of the trends of the dynamic resist-
ances could be determined. 
2. Summary of the Investigation 
Four model frame specimens were tested by subjecting each 
specimen to a dynamic lateral load applied along the axis of the top 
girder. The specimens were essentially ideal frames wi th fixed column 
bases, and column sections which were one-quarter scale models of a 
6 WF 25 section. 
The applied load, accelerations, deflections and maximum fiber 
strains were recorded during each test. The magnitude of the applied load 
varied from 1.68 to 2077 times the theoretical static elastic limit load. 
Thes.e loads produced deflections from 13029 to 50.42 times the theoretical 
static elastic limit deflectiono 
The dynamic resistance of each specimen was computed from the 
observed loads, accelerations and deflections by assuming them.to be 
single-degree-of-freedom systemso The dynamic reSistance curves of all 
frames had an elastic slope less than the theoretical static reSistance, 
but, approximately the same as the observed static resistance. The 
dynamic reSistance was greater than the static resistances when general 
yielding occurred and retained this increase until a deflection of from 
8 to 11 times the theoretical static elastic limit deflection was 
obtained. After this deflection had been reached, the dynamic resist-
ances fell close to the theoretical static resistance for the remainder 
of the test. 
The increase in the observed dynamic resistance over the 
theoretical static resistance has been predicted reasonably well by 
consideration of the strain rates in the frameo 
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II. TEST SPEClMEN 
~. Description of Specimen 
The model frames which were tested as part of this investiga-
iion were two-column bents with a rigid top girder 0 The column sections 
rere approximately one-quarter scale models of a 6 WF 25.0 section. The 
.engths of the columns and the distance between their center-lines were 
.5 in.. The dimensions of the test specimens are shown in FigCt 1. 
The columns were oriented in the strong direction with respect 
;0 the applied load and were' rigidly connected to both the top girder 
Lnd the base plate. ~e connection to the top girder was made by 
~xtending the columns 1 1/4 in. into a recess in the top girder and 
)lacing stiffening blocks between the flanges.. Both the column and the 
)locks were then welded to the top girder in'order to provide the rigid 
:onnections. Figure 2 shows one of the connections after it had been 
relded. The bases of the columns were connected by brazing stiffening 
)locks into and around the columns, which were then welded to the base 
)late to complete the rigid connectionCt This type of connection can be 
leen in Fig. 3 .. 
The top girder of the frame was a 3 x 1 .. 7/8 in. rectangular 
!teel bar, with a stiffness 20 times the stiffness of the columns. 
~erefore, the test specimen can be considered an ideal frame with 
~ixed column bases 0 
5 
Column Sizes 
The column sections tested were one-quarter scale models of a 
tandard 6 WF 2500 section, except for slight modifications made to 
acili tate machining. All flanges were made of constant thickness and 
he depth of the columns was increased approximately 0001 ino These 
lodifications allowed easier and more efficient machining of the speci ... 
ens. The length of the columns was 17 1/2 ino, of which 2 1/2 in. were 
.sed to make the rigid end connections 0 This length was chosen because 
,t provided the longest specimen which could be easily handled by the 
.aborator~ls existing machine tools. 
The average dimensions of the column sections for each test 
:pecimen are shown in Table 10 The frames tested as part of this inves-
iigation are designated as framesNoo 6, 7, 8, and 90 Frame No. 3 was 
iested statically by R. J. Mayerjak and the author, previous to this 
.nvestigation(l)*, and is included in this report only for comparison 0 
~he dimensions listed in Table 1 as theoretical are the values used -in 
!omputingthe theoretical static moment-curvature relationShip, and are 
;he average ,values of all the column sections testedo 
)0 Properties of the Material 
'All column sections were machined from 2 in. s~uare blockso 
In) ~hese blocks were adjacent strips, cut from a 2 ino thick ASTM A-7\~ 
Numbers in parentheses refer to corresponding numbered entries in 
the Bibliography at the end of this reporto 
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~teel plate.. 'fo relieve the residual stresses which would cause warping 
iuring the machining operation, the strips were stress relieved before 
nachining of the column members was beguno This was done by heating the 
strips at a temperature of 1300'7 for three hours, and allowing them to 
~ooJ. in the furnace 0 It is believed that this process also provided a 
nore homogenous material 0 
Blocks were cut from each end of the stress relieved strips 
ror tension test spec~ensc These tension coupons were 00505 ino in 
iiameter, bad a 2 in .. gage length, and were machined from the center of 
~ach block according to ASTM specificationso(2) The stress-strain rela-
tionships obtained from these coupon tests fell within a narrow bando 
rherefore, the stress-strain relationships of all the coupons were 
averaged for use in computing a theoretical moment-curvature relation-
ship 0 This band and the computed average stress-strain curve are shown 
in Fig 0 4.. This figure shows. tha. t the average yield strength was 
li.4o 1 ksi, the average ultimate strength was 82 ksi, strain hardening 
began at an average strain of 00012 in .. / in .. , and the average final 
elongation was about 31 .. 8 percent .. 
The coupon tests were made in a 120,000 lb Baldwin-Southwark 
hydraulic testing machine 0 . The strains were recorded with a 2-in .. micro-
former type strain gage which enabled the strains to be recorded 
automatically, to rupture.. All tests were run at a strain rate of 
Figure 5 shows the variation in the stress-strain relationships 
obtained :from the tension coupons of frame Noo 3~ and the average 
II 
~elationship which was used to compute the theoretical moment-curvature 
~ela tionship 0 
r 0 Fabrication of the Test Specimen 
In order to provide uniformity among all four spec1mens~ a 
,pecial rig was made in which the members of the specimen could be 
~lamped during fabrication 0 This insured that the columns of each frame 
vere in the same position with respect to the top girder, and also main-
~ined their center line perpendicular to both the longitudinal and 
Lateral axis of the top girder 0 
The fabrication of the frame was begun by welding the columns 
to the top girder, as described previously and as shown in Figo 20 At 
the same time j the base stiffening blocks were brazed to the base end of 
the columns. This U-shaped structure was then allowed to cool, 60 that 
any movement which might result from temperature differentials would 
~ccur before the columns were attached to the base plateo The 1-1/4 ino 
base blocks were then welded to the base plate, as shown in Figo 3, to 
complete the fabrication of the frame. 
Static tests of this type frame have shown that residual 
stresses and stress concentrations exist in these frames because of the ' 
fabrication and the restraint conditions of the boundaries. The rela-
tive magnitud~s of these two effects could not be determined from these 
tests; but, since a very small amount of heat was transferred to the 
columns during the welding of the base blocks, it is believed that the 
residual stresses produced in the frame are minimized by using the above 
7 
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method of fabricationo Since the base blocks were brazed to the column~ 
the properties of the material were altered by the heat of the welding 
only at that section of the column which was welded to the top girdero 
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III. TEST APPARATUS 
The apparatus used to test the specimens of this investigation 
an be divided into six basic parts: the basic frame, the loading unit, 
he lateral restraint system, the restraining system, the deflection 
age mount, and the instrumentation. Figure 6 is an overall view of 
his testing apparatus with the specimen in place. 
The Basic Frame 
The basic framework consisted of an 8 WF 6700 beam supported 
t each end by two 6 I 12.5 beams. Each support was connected to a tie-
own in the laboratory floor to prevent relative movements between the 
pparatus and the floor., The test specimen was fastened to the 8 in. WF 
eam by bolting the base plate of the specimen to the bottom flange of 
he beam with six 3/4 in. bolts. To prevent slippage between the base 
late and the bottom flange of the base beam, a bar was welded to the 
lange and two 3/4 in. set screws were inserted in this bar parallel to 
he flangeo After each specimen was set into place, the set screws were 
ightened against the front edge of the base plate. 
Loading Um t 
The lateral load was applied by a 20 ki1?Pulse loadinS 
schine, (3) which is a pneumatic loading unito A complete description 
If the operation of this unit is given in Reference (3)0 
The loading unit was connected to the basic frame by a frame-
* 'ork bolted to the two forward support beams ~ This framework was made 
pproximately 3-1/2 fto long in order that the loading unit could be 
laced at a great enough distance from the specimen to prevent any 
amage to the unit by lateral or vertical movements of the specimen. 
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The load was transmitted to the test specimen through a 304 in. 
ound steel rod 0 This rod was connected to both the loading unit and the 
pecimen by clevises which allowed the rod to rotate in the vertical 
irection. The applied lateral load was measured by a dynamometer, of 
o kips capacity,? located in this loading rodo Figure 7 shows the end 
f the load dynamometer and the connection of the loading rod to the 
I?ecimen o 
;)0 Lateral Restraint System 
Whenever beams are loaded in the strong direction of resist-
lce3 there is a tendency for these beams to buckle laterally because of 
)n-homogeni"ty of material, initial crookedness, l.ocaJ.. instability, or 
ariances in their cross-sections 0 For beams inelastically deformed, 
Lteral buckling is Very prominent and, therefore, a lateral restraint 
rstem was devised for these testso 
~e top girder of the specimen was supported laterally at the 
~nter line of each column.. This support was furnished by 1/2 in. rods 
dch were threaded into the girder at one end and bolted to the lateral 
The forward part of the apparatus is designated as that toward which 
the specimen moves during the testo 
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estraint frame at the othere An aluminum dynamometer, of 1 kip capacity, 
'as coupled into each supporting rod to measure the magnitude of the 
'equired lateral restraining force~ In addition, each rod contained a 
~uble Glevis, which allowed the specimen to rotate freely in both the 
~rizontal and vertical directions .. 
Since one end of the lateral support rods was fixed in position 
,0 the lateral restraint frame while the other end moved with the speci-
~n during the test, the rods moved through an arc as the frame deflected 0 
~wever, only small losses in lateral restraint occurred during this 
lOvement since the angle through which the rods traveled was small com-
)ared to the length of the rodso To compensate for some of the effect 
)f this rotation~ prior to a test the specimen end of the rods was set 
. 1/2 ino behind the fixed endo 
.10 Restraining System 
In order. to stop the test specimen before the piston of the 
.oading unit reached the end of its travel~ a restraining system was 
lesigned which stopped the specimen at any desired deflection 0 This was 
Lccomplished by means of a stop, connected to the rear of the specimen, 
rhich would strike a stationary plate at some predetermined deflection .. 
The initial position of the stop could be set with respect to 
;be stop plate, allowing a predetermined deflection to be reached before 
jhe lip of the stop made contact with the stop plateo upon contact of 
jhe lip with the plate, a restraining force was applied to the top girder 
)f the specimen.. This force was transmitted to the specimen through an 
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~-in.. long steel yielding bar whose center section was machined down to 
L diameter of 1/2 in.. With an expected maximum restraining force of 
3 kips, the frame would be stopped in a distance of about 1/2 in. The 
aa.gni tude of the restraining force was measured by an aluminum dynamom-
~ter, of 10 kips capacity, placed between the yielding bar and the speci-
Ilen .. 
1'he connection of the st-e-el stop to- the test "specimen was made 
dth a clevis, which allowed the specimen to rotate in the vertical 
?laneo This connection can be seen in Fig .. 80 
L2.. Deflection Gage Mount 
The deflection gage was supported by a 6 ino diameter steel 
?ipe, welded to the rear support of the basic frameo As shown in Figo 6, 
tihis pipe extended back and down at an angle of 25 dego, so that the 
ieflection gage would clear the restraining system3 and still be aligned 
dth the center line of the top girder of the specimen 0 
It was necessary for the link between the deflection gage and 
t;he specimen to go around the restraining system 0 To provide this connec-
t;ion, the restraining system was straddled by a rectangular frame, fabri-
!B.ted from aluminum tubing. This frame was connected to both the deflec-
cion gage and the specimen by ball joints which allowed a rotation of 
!:.l5 dego 
For a lateral deflection of the frame of 3 in .. , a 3/8 ino 
3hortening of the columns was expected 0 To reduce the effect of this 
1ertical movement, the center line of the deflection gage, as well as 
the loading unit and lateral restraint systems, was initially placed 
3/~6 in. above the center line of the connection to the top girder. 
130 Instrumentation 
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The applied load, the deflection of the top girder, and the 
maximum fiber strains at various sections of the columns, were recorded 
wi th magnetic oscillographs. A diagram of the load and strain-recording 
system is shown in Fig. 9. 
The applied load and restraining forces were measured by means 
of an SR-4 strain indicating bridge.9 which was formed from SR-4 type A-7 
strain gages located at the center section of each dynamometer. The 
loads were obtained from the effective strains by calibrating the dyna-
mometers statically. 
With the exception of frames 6 and 79 th~ maxjmum fiber strains 
were measured at four sections of each specimen. These sections were 
located, on each column, 1 in. from both the top girder and the base 
plate. For frames 6 and 7.9 the strains on the rear column I in. from 
the top girder were not recordedo The strains were measured by means of 
two electrical resistance strain gages which were placed on the tension 
and compreSSion flanges at each section. Tbe output of the bridges form-
ed with these gages was proportional to the average of the maximum 
tension and compression fiber strains. 
The deflections of the top girder were measured with a slide 
wire resistance gage. This gage and a diagram of the deflection record-
ing system can be seen in Fig 0 10. During the test, the electrical 
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eontact was pulled along the wire whose resistance for various positions 
of the electrical contact had been calibrated statically. 
The accelerations were measured by a Hathaway AMS 20-A acceler-
ometer which was mounted just in front of the top girder on the loadiIlg 
rod clevis. The accelerometer and its mount are shown in Fig 0 7" 
Each trace was recorded as a function of time 0 The timing 
3ignal was 500 cps, and was recorded' by a galvanometer in each oscillo-
grapho The timing and synchronizing systems can be seen in Figo 110 
Since the load and acceleration records obtained in these tests 
~ontained a large amplitude high frequency component that was close to 
~he upper bound for the frequency response of the recording system~ an 
~stimate was made of the possible error or percentage deviation from the 
reported magnitudes which might have resulted. These frequency compon-
!nts were such that the recorded amplitudes may have been in error by 
lpproximately plus or minus 10 percent, particularly during the initial 
~ortio~ of the records. However, by taking the mean of the peaks ~d 
ralleys of the high frequency component, an average load and acceleration 
~ecord was obtained in which the high frequency components were small and 
~he error in the average record was probably negligibleo 
In addition to possible errors from the recording system, 
:onsideration must be given to the errors resulting from the calibration 
)f the instruments and the reading of the recordso The static calibra-
;ions of the deflection and load measuring instruments indicate that the 
:alibration values used are probably in error by no more than 002 percent. 
~e accelerometer calibration was not this satisfactory; the error was 
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;>robably wi thin about plus or minus 2 percent .. 
The error associated with the reading of the records is probab-
Ly the most significant. Because of' the high frequency component present 
Ln the load and acceleration records, it was difficult to determine the 
Location of the trace at any given time.. This uncertainty, in combina-
tion with an error associated with the scaling of the trace deflection, 
nay have resulted in the largest total erroro The deflection records, 
tloWever, which did not contain the higher frequencies, were more easily 
neasured and the errors in the values were probably considerably smallero 
~stimates of the possible error in reading the records were made from 
the amplitude of the trace deflections.. For the deflection traces~ the 
~eading error may have been as much as plus or minus 005 to 1 percent of 
the maximum deflection and for the load traces the reading error was 
;>robably slightly greater~ approximately plus or minus 1 to 2 percent. 
~owever, the average load used in the interpretation of the test results 
res probably not in error by more than :plus or minus 1 percent.. The 
~cceleration record may have contained the greatest error because of the 
Large amplitude frequency components and the small trace deflections 
.hich occurred after the initial transients endedo Neverthelessp it is 
:stimB.ted that the average accelerations used are not in error by more 
than plus or minus 5 percent .. 
In the interpretation of the test results, the quantities meas-
~ed have been combined in various wayso Thus, the estimated maximum 
~rrors resulting from the. combinations were·:: . for the energy input, which 
is a function of the load and deflection, plus or minus 2 percent, and 
~or the resistance, which is a function of the load and acceleration, 
?lUS or minus 7 percento These errors are approximate but indicate 
reasonable bounds for the reported resultso 
L40 -~est Procedure 
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-Before each test was begun, the instruments were checked and 
che calibration of each circuit was recorded. The calibrations of the 
Load and strain circuits were obtained by shunting the bridge arm with a 
ClOwn resistance. The deflection trace was calibrated by changing the 
~esistance of one arm of the bridgeo The acceleration record was cali-
)rated by recording the trace produced by the accelerometer when it was 
;ubjected to a known accelerationo This known acceleration was produced 
)y a Sonntag Universal Fatigue Testing Machine, model SFIO-Uo After the 
:alibrations were recorded, a zero trace reading was taken and the zero 
~eadings of the lateral restraint dynamometers were recorded. When the 
)ressure in the loading unit bad reached the desired level, the oscillo-
~aphs were started and the load immediately appliedo After the test, 
;he final positions of the traces were recorded and the final readings 
)f the lateral restraint dynamometers takeno 
IV 0 THEORETICAL STATIC MOMENT .... CURVATURE AND 
LOAD-DEFLECTION RELATIONSHIPS 
This section·presents the procedures used to obtain the 
theoretical relationships between bending moment and curvature and 
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Detween load and maximum deflection for the type of frame tested in this 
lnvestigationo 
L50 Assumptions 
cions: 
These theoretical relations are based on the following assump-
(a) The material 'is homogeneous with identical properties 
in tension and compression. 
(b) The strain in any fiber of the column is directly 
proportional to the distance of the fiber from the 
centroidal axis. 
(c) The stress-strain relationship in the column is the 
same as that determined from a static tension test 
of a coupon of the material. 
L60 Moment-Curvature Relationship 
The theoretical moment-curvature relationship was obtained by 
!ons1dering the moment on a section of the column determined from the 
~ollowing equation: 
M = L aydA 
fhere: 
M is the sum of all the moments of the external forces 
A is the area of the cross-section of the member 
dA is an element of area in the cross-section of 
the member 
cr is the unit stress at this element of area 
Y is the distance from the centroidal axis to 
the element of area 
The stress across a section of the column can be determined 
from the assumption that the strain varies linearly across the section 
of the column and from the stress-strain relationship obtained from 
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coupon tests. From the same assumption, the curvature can be defined as 
the extreme fiber strain divided by its distance from the centroidal 
axis. 
The value of the moment when yielding is 1m.Pending, may be 
computed from the elastic relationship of moment and stress~ 
where: 
(J I 
e M=-
c 
(J is the stress at which yielding occurs 
e 
c is the distance from the extreme fiber to 
the neutral axis 
I is the moment of inertia of the area of 
the section 
In the inelastic range the moment was obtained by numerically 
integrating the general equation for the moment" This was begun by 
choosing an extreme fiber strain and determining the stresses correspond-
ing to this extreme fiber strain from the average stress-strain curve 
shown in Figo 40 The moment and the curvature corresponding to the 
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~xtreme fiber strain were then computed. This procedure was repeated for 
~fferent values of extreme fiber strain to obtain the moment curvature 
'elationship presented in Fig .. 120 
.10 Load Deflection Re~ationship 
'here: 
For small deflections, the following relationship exists: 
a is the curvature and is equal to the extreme fiber strain 
divided by its distance from the centroidal axis 
x is the coordinate along the length of the column 
8 is the deflection of the column 
In the elastic range, the curvature can be evaluated quite 
,imply since the curvature is expressed as M/EI.. When inelastic action 
legins within the member, the curvature is no longer a linear function 
If the bending moment, but has to be determined from the theoretical 
urvature relationship given above.. In the computation of the moments 
~ong the column, the shortening of the moment arm resulting from the 
,ateral deflection of the column, was taken into account. The deflec-
ions: 'of the column were computed by numerically integrating ( 4 ) the 
urvatures obtained from the theoretical moment-curvature relationShip .. 
The deflections caused by the effect of shear were not consid-
red in this procedure. 
A complete discussion of this procedure is given in Part 2 of 
ef'erence (1 ) • 
v .. DISCUSSION OF THE TEST RESULTS 
,8.. General Statement 
To fulfill the objectives of this investigation, four model 
'rames were testedo These frames were two column rigid bents whose 
olumn sections were one-quarter scale models of a 6 WF 25 section .. 
ach frame was subjected to a dynamic lateral load which was applied 
,long the axis of the top girder.. Wi th the exception of the magni tude 
If the applied load, each frame was tested under Similar conditionso 
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One of the objectives of this investigation was to compare the 
.yna.mic test results to the static test results.. Frame Noo 3" which was 
,ested statically previous to this study, was used to make this compari-
on. The static response of frame No. 3 is compared to its theoretical 
'esponse in Fig .. 130 The test of this frame and the results obtained 
,re discussed completely in reference (1), however, a brief discussion 
~ll be presented here. The test of this frame was conducted by incre-
~nts of deflection and was performed over a period of four to five 
.ours. Two test curves are shown in Fig .. 13. The top curve (high load) 
as obtained by recording the load necessary to obtain each new deflec-
,ion. After this deflection was reached, the load which was required to 
aintain this deflection decreased because of a relaxation and redistri-
ution of stresses. In a few minutes the load became stable 0 This load 
as recorded as the low loado 
The test curve falls below the theoretical curve, probably 
'ecause of local buckling and twisting of the columns.. The drop in the 
Load at the end of the test was caused by the tearing of the tension 
~lange of the rear column 0 This tear occurred at the junction of the 
~olumn and the top girder, and is believed to have resulted from the 
welding. 
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The elastic slope of the observed curve is less than the 
~lastic slope of the theoretical curveo This can probably be attributed 
Largely to stress concentrations and residual stresses in the frame, 
which are the result of the fabrication of the frame and the boundary 
~onditionso To substantiate this explanation, a model column, similar 
~o the columns tested in this investigation, was tested as a simple beam 
Loaded in the centero In this test, the model b~amwas loaded to a 
ralue just exceeding the elastic limit and then the load removed.. The 
:>eam was then reloaded to failure 0 The results of this test are present-
~d in Fig.. 14 It The first loading curve was compared to the theoretical 
:urve and it was noted that the observed elastic limit deflection was 
Lo74 times the theoretical elastic limit deflectiono During the first 
Loading, the residual stresses were redistributed and moat of the stress 
~oncentrations relieved;and3therefore~ when the beam was reloaded the 
Dbserved elastic limit deflection was only 10' times the theoretical. 
~so shown in Fig .. 14 is the theoretical curve with a correction for 
shear deflections, which accounts for over half of the error in deflec-
tions noted for the second loadingo The remaining error is attributed 
to the residual stresses and stress concentrations still in the beamp 
errors in the measuring apparatus; and variances in the section. 
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.9 0 Test Resu! ts 
The maximum value of the applied dynamic load, the maximum 
~eflection and the time required to reach the maximum deflection are 
:hown in Table 2 for each test 0 Also shown in this table is the energy 
~put3 and the lateral restraint force existing at the end of each test. 
Continuous recordings were made of the applied load, accelera-
iions, deflections, and strains as functions of time during each test 0 
ligures 15 through 19 show the load-time, acceleration-time and the 
~flection-time relationships for the frames tested. Because.of a slip-
age of 001 in. in the deflection gage apparatus after the first few 
dlliseconds of loading in the test of frame No.6, a correction of this 
~unt bad to be applied to the deflection-time relationship of this 
~ame. This correction was applied proportionally from 4 milliseconds to 
~ milliseconds 0 After 8 millisecond.s$ the entire correction of 0.1 ino 
ras applied for the remainder of the test. This slippage did not occur 
luring any of the subseque:p.t tests 0 
All specimens were subjected to only one load pulse with the 
~xception of frame Noo 80 In order to study the effect of a second load-
~ on the dynamic response of the frames, two load pulses were applied 
~o frame No. 80 The load-time, acceleration-time and the deflection-time 
~ela tionships for the second load pulse is shown in Fig 0 18 <) Since all 
~he strain gages bad ruptured during the application of the first load~ 
strains were not measured during the second loadingo 
It should be pointed out that when the strain gages rupture 
Luring a test, there is a possibility that the change in resistance in 
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he circuit, caused by this breakp will change the zero value of the 
emaining channelso Although gage breaks did not affect the zero values 
f either frame 6 or 7, there was a zero shift during the test of both 
rames 8 and 90 In these latter cases, only the load trace was affected 
nough to warrant a correctiono For frame Noo 8, this zero-shift correc-
ion reduced the trace values of load by 006 ldpsJ) and was applied only 
o the first load pulseo For frame Noo 9$ the load was reduced by 005 
ips 0 It was impossible to determine the exact time that this shift 
ccurred, but the approximate time of rupture of the strain gages could 
e found from the strain-time recordso Realizing that the shift must 
ave occurred very close to this time, one can apply the correction to 
11 subsequent load valueso This correction was applied after 6 1/2 
111iseconds for frame Noo 8 and 5 milliseconds for frame Noo 90 
Only the second loading of frame No 0 8:J and the test of frame 
00 9 produced deflections large enough to require the restraining 
ystemo The restraining system was set for a deflection of 302 ino dur .... 
ag the second loading of frame Noo 8, and for a deflection of ;01 ino 
~ing the test of frame Noo 9. These deflections occurred at 16 and 22 
illiseconds, respectively 0 The effect of the restraining force on the 
3ad-time, acceleration-time and the deflection-time relationships can 
~ seen in Figso 18 and 190 
The sharp peaks and depressions in the load-time and' accelera-
Lon-time curves are caused by the higher frequencies of the systemo How-
rer, if these peaks and depressions are averaged and a curve drawn through 
le average pOints, a smooth curve can be obtained 0 The average load and 
:celeration curves are indicated in Figso 15 through 19 by a dashed linea 
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An attempt was made to derive the deflection-time relationships 
>y integrating the average observed accelerations. The deflections which 
rere derived using a numerical integration procedure were in good agree-
lent with the observed deflections 0 During the first part of the test~ 
ihe derived deflections were smaller than the observed deflections. 
{owever, in the latter part of the test they rose above the observed 
Leflections and were always larger at the time of maximum deflectiono 
~e derived deflections varied from the maximum observed deflections by 
~o38 percent, 17 percent, 9023 percent and 9024 percent for frames.6, 7~ 
~ and 9, respectively. In each of the tests, it was found that after a 
iime of approximately 9 milliseconds, the difference between the observed 
md the derived deflections was ve~ close to a linear variationo There-
~ore, if an initial correction bad been made to the derived velocities 
~nd deflections at approximately 9 milliseconds, very close agreement 
letween the derived and observed deflections would have been obtained. 
!his correction can be justified beca.use the obse,rved accelerations in 
;he early portion of t.he tests may not be accurate 0 This inaccuracy is 
.ttributed to the large initial acceleration and its rapid rate of rise 
.nd de.clineo 
Reference to Table No. 2 shows that no latera.l buckling 
tccurred in frames No 0 6 and 8 and only a small amount occurred in 
'rames 7 and 9 I) Since time is required for buckling to develop J} this 
'esul t should be expected 0 The slight buckling which did occur probably 
eveloped during the end of the dynamic test or possibly ·during the static 
tortion of the test which occurred before the load could be removed 0 
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.Figures 20 through 23 show the final deflected shapes of the 
test specimens. A small amount of local buckling may be noticed in 
frames 8 and 9 of Figs 0 22 and 23., 
20. Comparison of Experimental and Theoretical Results 
By using the average values of load and acceleration in the 
computations of the dynamic resistance of the test specimen, a smooth 
resistance curve was obtained. The experimentally determined dynamic 
resistance for the frames tested are compared to the theoretical static 
resistance in Figs. 24 through 27. The theoretical static curve was 
obtained by the procedure explained in Part IV of this reporto 
By aSSuming that the test specimens could be represented by a 
single-degree-of-freedom system, the dynamic resistances of the specimens 
were computed from the following expression: 
-where: 
Q = P - ma 
Q is the resistance of the specimen at any time t 
P is the average dynamic lateral load at time t 
a is the average acceleration of the top girder 
at time t 
m is the sum of the moving mass to the rear of the 
lateral load dynamometer plus one-half the mass 
of the columns 
Knowing the deflections as a function of time, Figs 0 24 
through 27 were obtained by plotting the resistance at a certain time 
against the deflection at that timee These curves have been plotted 
in a dimensionless form in order that the experimental results, as well 
as the theoretically determined. relationships, could be compared more 
conveniently. The resistance and deflection values corresponding to 
the theoreti'cal beginning of yielding are -:i:ndicated on the figures. 
Their values are 3 .. 25 kips for Q and 0 .. 0695 in .. for 6.. 
e e 
The resistance functions were computed to the maximum deflec-
tions for all specimens except frame No. 9 and the second loading o~ 
frame No.. 8. Because of the large vibrations in the load and accelera .... 
tion after the application of the restraining force, accurate points 
could not be obtained for this region of the resistance curve. 
A check was made of the observed resistance functions by 
deriving the response of each specimen using a step-by-step numerical 
integration procedure(5). The observed resistance function and the 
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average applied load were used in each calculation. The derived response 
agreed w~th the observed response reasonably well except for frame No.7. 
The difference in maximum deflections was 10.6 percent, 16.7 percent, 
9.05 percent, and 2.5 percent for frames 6, 7, 8 and 9, respectively. 
The maximum deflections of the derived response were found to be larger 
than the maximum deflections of the observed response for all specimens 
except frame No. 90 
The co~arison of the resistance for all test specimens is 
shown in Fig. 28. Also shown in this figure is the theoretical static 
resistance and the observed static resistance.. Since the stress-strain 
relationship for the material in frames 6, 7, 8 and 9 differed from that 
of the material in the frame tested statically (frame No.3), the 
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observed resistance of frame Noo 3 had to be adjusted in order to obtain 
a static resistance which could be compared with the dynamic resistance 
of frames Noo 6, 7~ 8 and 90 To make this adjustment the ratio of the 
observed resistance of frame Noo 3 to the theoretical static resistance, 
determined from the stress-strain relationship for frame Noo 3, was 
obtained for various values of ~6 0 The required static resistance, 
e 
corresponding to a static test of a frame similar to frames 6~ 73 8 and 
9, was assumed to be equal to this ratio times the theoretical static 
resistance obtained USing the stress-strain relationship for frames 6, 
7, 8 and 9 at the same values of 6/6e o 
Since the observed load is subject to the same inaccuracies 
during the early portion of the test as the inaccuracies previously 
explained for the acceleration, no accurate points of the resistance 
curves could be obtained before five milliseconds 0 Consequently, only 
one or two points could be used in determining the elastic region of the 
dynamic resistanceso HOwever, the observed dynamic elastic slope was 
.appro:x1ma.tely the same as the observed static elastic slope for all speci-
mens except frame Noo 7 (See Figo 28)0 Therefore, the elastic resistance 
of frames No.6, 8 and 9 is believed to be very close to the true resist-
ance, but frame Noo 7 is possibly in error because of the inaccuracies 
explained above 0 As was explained for the static case, the difference 
between the dynamic elastic slope and the theoretical static elastic 
slope is probably a result of the stress concentrations and the residual 
s.tresses in the fra.meso 
Figure 28 clearly shows that the dynamic reSistance of all the 
specimens was greater than the theoretical static resistance before 
28 
general yielding begano This occurs because of the raised yield level of 
the material when loaded dynamically.. The magnitude of this increase bas 
been shown by previous investigations(6) to depend upon variables such as 
the strain rate and the excess stresso 
To determine the effect of the strain rates on the dynamic 
reSistance after yielding, for the frames tested in this investigation~ 
the increase in the dynamic resistance over the theoretical static resist-
ance was computed on the basis of the strain rateso This increase was 
computed using the results of tests performed on structural steel by Fry(7) 
and on 0021 carbon steel by Morrison 0 (7) These results are given in the 
,form of a curve which has been reproduced in Figo 290 The tests in refer-
ence (7) were conducted only to a strain rate of 1 ino/ino/seco Therefore 3 
this curve was extrapolated for use in this study.. Since a large variance 
in the strain rate results in a small cbange in stress 3 this extension was 
considered to be reasonableo Also shown in Figo 29 is the resistance 
function computed for a 30 percent increase in the static yield stresso 
Referring to the extension of Fry's curve, we see that this corresponds to 
a strain rate of approximately 3 ino/ino/seco 
The increase in the dynamic resistance computed from the theo-
retical strain rates is compared in Figso 30 through 33 with the observed 
increase. Also presented in these figures are the theoretical strain 
ra.tes as.: functions 'of:! deflection!) Since the strains 'could 'be ,measured 
only'. to ·a· deflection of 6 to 7 times the theoretical, static elastic lim! t 
deflection, the theoretical strains in the frame~ instead of the observed 
strains, were used to compute the strain rateso In order to obtain a 
more exact comparison between the observed and computed dynamic 
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res~stances, the computed dynamic elastic resistance was assumed to have 
the same slope as the observed dynamic elastic resistancee The increase 
of the dynamic yield stress above the static yield stress was found from 
the strain rates by using the curve shown in Figo 29.. The increase in the 
~c resistance above the theoretical static resistance was then com-
puted by assuming the dynamic resistance to have the same shape as the 
resistance function shown in Fig .. 29 for a 30 percent increase in yield 
stress, but proportionally higher or lower depending upon the strain 
rates 0 Since the stra.in rates in this investigation varied little in the 
range of deflections considered$ this was found to be a very good assump-
tiono Figures 30 through 33 show that the increase in the dynamic 
resistance of the frames tested in this study can be approximated closely 
·if the strain rates are taken into accounte 
The dynamic resistance of all specimens returned to approxi-
mately the theoretical static curve at deflections of 8 to 11 times the 
elastic limit deflections and then closely followed the static curve 
until the end of the teste At these larger deflections.!) the ma.xiinum 
strains have reached a value which produces a static strain hardening 
stress larger than the raised yield stresso It is possible that this 
return to the static curve is caused by the strain rates having a smaller 
effect in the strain hardening regiono 
210 The PYnamic Resistance by Energy Relationships 
A study was made of three assumed forms of the dynamic resist-
ance j considering the relationship between the energy input and t~maxi­
mum deflection of the test frameso The three shapes of the 
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resistance functions considered were: 'an elasto-plastic resistance, a 
resistance considering strain hardening, and a resistance which approxi-
mated the shape of the observed dynamic resistance. The last resistance 
was assumed to be elastic to some ra'ised yield stress a After yielding.j) 
a pure plastiC region was assumed until the theoretical static curve was 
reached, and from this point to the maximum deflection, the static curve 
was useda In this procedure,P the dynamic resistance is considered to ,be 
of the same form as the resistance function- corresponding to some raised 
yield levelo The magnitude of the raised yield stress was determined 
from the energy equation which states that the energy input corresponding 
to the maximum deflection of each frame must be equal to the area under 
the assumed resisting function from zero deflection to the corresponding 
maximum deflectiono 
The energy input for the test frames was obtained by integrating 
the applied load-deflection relationShips from the initial deflections to 
the maximum deflect1onso The magnitude of this energy is presented for 
each specimen in Table 20 For convenience in comparing resuJ. ts ~ the energy 
input and the maximum deflections have been reduced to a dimenSionless forma 
In Figsa 34, 35 and :;6 are shown the energy input-maximum deflec-
tion relationships for the assumed resistance functiOnBa These values were 
obtained by integrating the area under the assumed resistance-deflection 
curves from zero deflection to the maximum defleGt1onso The increased 
yield stressJ) corresponding to each curve~ is indicated on the figures based 
on an elastic limit yield stress of 4407 ksio In these figures$ the points 
corresponding to the tests of frames 6 i 7» 8 and 9 are also shown .. 
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Figure 34 shows the results for an assumed elasto-plastic 
resistance" It can be seen that the yield stress must be raised as the 
energy input increases. Therefore, if an elasto-plastic resistance 
function is used, a different yield level must be assumed for each test. 
Since strain hardening causes a large increase in the load-carrying 
capacity of the test frames, a true comparison cannot be made using only 
the elasto-plastic case4 To show the effect of strain hardening and how 
it alters the results, the theoretical static resistance of the test 
specimens was approximated by an elasto-plastic condition and is shown in 
Figo 34 by a dashed lineo Thus, it is seen that the yield stress must 
be raised a considerable amount to account for the increased capacity 
produced by strain hardening, but only a small increase is necessary to 
account for the dynamic effect. 
If the assumed resistance function includes strain hardening, 
the results shown in Fig. 35 will be obtained.. These results show that 
as the energy input increases, the increase in the yield stress decreases 
slightly and, the~efore, the dynamic resistance approaches the theoretical 
static resistance. However, the dynamiq resistance for all frames can be 
closely approximated by an assumed yield stress of 1007 times the static 
yield stress. It is interesting to note that as the energy input 
increases, the theoretical curves become closer to the static curve and 
the error in using the static curve decreases" 
Figure 36 presents the results for an assumed resistance func-
tion which approximates the observed dynamic resistance.. For this form 
of the resistance function, the yield stress required for the energies to 
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be equal changes only the elastic limit and the plastic resistance levelo 
Therefore 1 as the deflection exceeds approximately 5 times the yield 
deflection, the theoretical curves convergeo For large deflections, the 
dynamic resistance function is essentially the same as the theoretical 
static resistance functiono From the test results, it is found that the 
yield stress increases as the energy input increases and that the 
observed dynamic response can be approximated reasonably well by this 
procedure if a resistance function is used which includes strain harden-
ing as well as a raised yield stresso 
220 General Summary 
The dynamic response of the model frames tested was determined 
by subjecting the model frames to a dynamic lateral load" and recording 
the applied load, accelerations, and deflectionso The recorded loads 
and accelerations were found to contain large oscillations, which~ when 
averaged, produced a smooth relationshipo These average curves were 
used in obtaining all experimental and theoretical resultso 
A check of the accuracy of the observed accelerations was made 
by comparing the observed response of each frame to the response obtained 
by integrating the average accelerations 0 This procedure was found to 
give an excellent correlation after the first 2 or 3 milliseconds of the 
tests 0 The initial accelerations were erratic because of their large 
magnitudes and their rapid rate of rise and declineo 
The dynamic resistance of the test specimens was obtained from 
the observed loads and accelerations by representing the test frame as a 
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:ingle-degree-of-freedom systemo This is considered a valid assumption 
:ince the weight of the columns is only 507 percent of the total weight 
,f the system 0 To verify the observed resistance functions, the 
'esponses of the test frames were computed from the observed loadso 
~ese responses, computed by the step-by-step numerical integration pro-
:edure, agreed reasonably well with the observed responseso 
The observed dynamic resistance was lower than the theoretical 
:tatic resistance in the elastic regionp possibly because of residual 
:tresses and stress concentrations in the specimenso The dynamic resist-
nce was found to be above the theoretical static resistance during ~he 
.nitial portion of the inelastic response but, for deflections greater 
;ban 8 to 11 times the elastic limit, the dynamic resistance approximates 
;he theoretical static resistanceo The increase in the dynamic resistance 
~er the theoretical static resistance during the initial portion of the 
.nelastic response can be accounted for by the increase in yield stress 
'hich accompanies high strain rateso 
If a resistance function which approximates the shape of the 
,bserved dynamic resistance is a.ssumed, the dynamic yield stress can be 
Jredicted reasonably well by consideration of the relationship between 
·he energy input and the maximum deflection of the test frameso 
VIo CONCLUSIONS 
The dynamic resistance of the frames tested in this investiga-
tion was found to be higher at yielding than the static yield resistance. 
After yielding occurred, the inelastic resistance approached the theore-
tical static response and in the latter stages of loading the dynamic 
resistance can be considered to be the same as the theoretical static 
resistance 0 For large deflections~ the theoretical static curve is a 
good approximation for the dynamic reSistance since the increase in the 
dynamic. resistance at yielding contributes a small amount to the total 
energy 0 
The dynamic resistance was found to be Significantly higher 
than the observed static resistance since the local buckling and twist-
ing of the columns, which reduced the capacity of the frame in the static 
tests, did not have time to occur during the dynamic testso 
Although these tests do not provide enough informatio~ to 
enable us to determine the response of any frame, they do give a 
general picture of the response of frames and show what can be expected 
under the conditions used in these testso 
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TABLE 1 
DDmNSIONS OF COLUMN SECTIONS 
Specimen b 2c f w 
Theoretical 1·522 1.607 0 .. 116 0.104 
Frame No. 6 1.521 1.606 0.115 0.08 
Frame No. 7 1.522 1.607 0.116 0.107 
Frame No. B 1.521 1.607 0.116 0.102 
Frame No. 9 1.522 1.607 0.116 0.100 
Frame No. 3 1·522 1.606 0.115 0.08 
TABLE m. 2 
stH4ARI OF TmT RESULTS 
Maximum Value of Maximum tHme of Max. Lateral Restraint Energy-Input Applied Load Deflection Def1ectioIf Force at End of Test 
Specimen ~ p(t) Clm L\n Milliseconds kips Energy ~ kips zse: in. ~ 6 e 
Frame No.6 1.68 5.41 1;.,29 0 .. 924 22 0 18.48 
--0----- -----f---
Frame Bo. 1 1.83 5.96 19·,33 1 .. 344 21 0 .. 031 29·4 
First Load 2.13 6.81 25·,22 1·754 21 0 41.8 Frame .No. 8 
Second Load 2.81 9·13 25·91 1 .. 806 19 0 Frame No.8 
Frame No.9 2·11 9.00 50.,,42 3 .. 50 21 0.024 92 
--
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• Batura! period of' each specimen is approximately 0.012 Bec. 
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FIG.l TEST S~IMD 
FIG. 2 CONNECTION OF COLUMN TO TOP GIRDER 
FIG. 3 CONNECTION OF COLUMN TO BASE PLATE 
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'IG. 5 S!R~S-STRAIN RJLATIONSHIP 'OR 1RAMI NO. 3 
FIG. 6 TEST APPARATUS 
FIG. 1 CONNECTION OF LOADING 1rlD ., TOP GIRDER 
FIG. 8 CONNECTION OF RESTRAINING SYSTEM TO TOP GIRDER 
Calibra.ted 
Resistors 
:Bridge supply 
5000 CPS 
regulated 
Note 1 
ljathaway MRC 18 
strain measuring 
system (modified) 
Note 2 
other similar 
bridges 
Note 1 
Carrier 
filter 
system 
Hathaway Sl4-C 
oscillograph 
(Hath. group 
23 OC-2 each) 
For Frames No.6 and 7, 6 channels of strain equipment were 
used; for Frames No.8 and 9, 7 channels- In all tests, -2 channels 
were used for load and 1 for acceleration measurements. 
Note 2 
Standard Hathaway MRC 18 unit modified to reducecrosa-talk 
between channels and to provide carrier supply oscillator with 
approximately O.Ol~ regulation. 
I 
Note 1 
Note 1 
Connections to B, C, and D for calibration purposes. 
Nominal values: B = 0.5"; C = 2.0"; D = 4.0". Precise 
values taken from gage calibration curves. "A" is the 
balance position at zero deflection. 
Note 2 
Recording galvanometer is a Hathaway Type OC2, group 23 
uni ts used in Hathaway s14-c magnetic oscillographs. 
FIG.10 DEFLECTION GAGE SYSTEM I 
Note 1 
,..----------. 
.G2 
NOTE 1 
Gl. 
500 CPS 
Hewlett 
Packard 
200 BR 
Oscillator 
120 VAC 
Synchronous Motor 
Potter Inst. Co. 
Model 8}0 
Eput Meter 
G1 and G2 are He. tbaway OC2 group 23 galvanometers. 
One galvanometer is located in each Hathaway S14-C 
oscillograph. 
Note 2 
Swi tch dr1 yen at synchronous speeds modulating the 
ampli tude of the timing signal. with steps every 
0.02 min. and a step omitted once each 0.1 min. 
FIG. 11 TIMING AND SYNCHRONIZIlII TRACES 
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